We demonstrate a novel way to form and deplete a vapor-cell magneto-optic trap (MOT) using a reversible, solid-state alkali-metal source (AMS) via an applied polarized voltage. Using ~100 mW of electrical power, a trapped-atom number of 5×10 6 has been achieved starting from near zero and the timescales of the MOT formation and depletion of ~1 s. This fast, reversible, and lowpower alkali-atom source is desirable in both tabletop and portable cold-atom systems. The core technology of this device should translate readily to other alkali and alkaline-earth elements that could find a wide range of uses in cold-atom systems and instruments.
As shown in Fig.1 , our experimental measurements are carried out in a standard six-beam MOT configuration 19, 20 . The cooling and repumping light are derived from a single frequency-stabilized distributed-Bragg-reflector laser phase-modulated at 2.9 GHz. The carrier light is optically reddetuned by approximately two linewidths from the 85 Rb 5S 1/2 (F = 3)→5P 3/2 (F' = 4) cooling transition and fiber-coupled to the experiment and collimated with a 1/e 2 diameter of 3.8 mm and optical power of 4 mW in each of the six beams. Our ultra-high-vacuum system includes a standard 10-mm-by-10-mm cross-sectional-area vapor cell and a 2 L/s ion pump. The cell walls are coated with octadecyltrichlorosilane (OTS) to minimize alkali adsorption on the wall surface. Furthermore, a Rb AMD is installed in the vacuum system to initially load the AMS reservoir.
A CCD camera (timing resolution of 100 ms per data point) collects fluorescence images of the MOT with a spatial resolution of 17 m. The trapped-atom number and the vapor-phase Rb density are estimated based on the MOT and background fluorescence intensity levels on the camera images, respectively.
The AMS is mounted inside the vapor cell about 1 cm from the intersection of the MOT beams. In the inset of Fig. 1 , we show an illustrated cross-section of the AMS. The active surface area is 7.5 mm x 14.5 mm, and the thickness is approximately 2 mm. The solid-state electrolyte is sandwiched between grids of surface electrodes composed of fine Ti/Pt fingers with the top electrode having a period of 1 m and with the lower electrodes in contact with a graphite reservoir. The high spatial density of the electrode fingers not only increases the atom-electrode contact area to aid electrochemical oxidation of Rb atoms, but also supports the efficient transport of ionizable atoms into the electrolyte. The lower electrodes and the graphite reservoir are sealed by a vacuum-compatible epoxy to isolate the stored Rb atoms from the cell environment. Heater wires buried inside the epoxy heat the AMS to approximately 100 o C with a power consumption of ~100 mW, which both increases the desorption rate of Rb atoms from the device surface and helps improve ionic mobility within the electrolyte. A voltage is applied through a 4.6 kΩ series resistor and the electrodes of the AMS. Depending on this voltage polarity, the AMS can reversibly source or sink Rb atoms from the vapor in the cell.
Prior to initial operation, the Rb AMD is operated for several hours to fill the vapor cell with Rb vapor. Then, a negative voltage is applied to the AMS for half an hour to load the graphite reservoir with Rb. After this Rb pre-loading process, we turn off the AMD and wait for the Rb density in the vapor cell to decay to a level such that the MOT signal drops below the detection threshold of the camera. In Fig. 2a , we demonstrate MOT formation and depletion controlled solely via the voltage applied across the Rb AMB. The demonstration is divided into three periods. First, the voltage is set to +30 V (t 1 ≤ t < t 2 ). When the voltage is applied (t = t 1 ), the trapped-atom number increases from a near-zero baseline to a maximum level of N MOT ~5 x 10 6 with a single time constant τ 1 is ~1 s. An image of the MOT at this maximum fluorescence level is shown in Figure 2c . Next, the voltage is decreased to 0 V (t 2 ≤ t < t 3 ). A slow decay of the number of trapped atoms is observed with a time constant τ 2 ~100 s . Finally, the voltage is reversed to -30 V (t ≥ t 3 ). The number of trapped atoms falls rapidly with a depletion time constant 3 of ~1 s. An image of the MOT at the end of the cycle with the voltage reversed is shown in Figure 2d . The cooling beams and trap magnetic fields are on throughout. Because the non-Rb background pressure was ~1 × 10 -7 Torr, the time constants for the MOT loading process were less than 100 ms for all Rb vapor densities, and hence did not limit the dynamic behavior of the trapped atoms in our experiment.
III. Results
We were able to monitor the background Rb density to some extent by measuring the change in the light captured on the CCD around the edges of the image where the cold atom fluorescence was low. We observed changes in the Rb density that roughly corresponded to the MOT number shown in Figure 2a , but with time constants τ 1 and 3 about 30% longer than the MOT time constants. This may suggest some weak saturation of the cold atom number at the higher background alkali densities.
The current, shown in Fig.2b , measures the transport of Rb ions across the electrolyte. Those Rb ions ultimately either plate out as Rb metal on the device surface or accumulate behind the electrodes. During the first period (t 1 < t < t 2 ), the current exhibits a rapid decay with a time constant of 0.4(1) s, likely due to electrode polarization, and then evolves into a slow decay. The positive initial spike (~1 mA at t ~ t 1 ) indicates a high Rb ion transport rate (~10 16 ions/s) from the graphite reservoir through the ionic conductor. If all of those Rb ions were to recombine with electrons and desorb as vapor-phase Rb atoms, that would yield a much higher Rb density (~10 15 /cm 3 ) in the cell volume (~10 cm 3 ) than is observed. Thus, it is likely that most of the Rb ions conducted through the electrolyte either accumulate behind the electrodes or form a Rb metal thin film on the AMS surface rather than immediately desorbing into the vapor. The subsequent low current (~10 A for 2 s < t < t 2 ) likely indicates a slow rate of Rb-atom plating on the surface. The current during the third period (t 3 < t) exhibits a negative initial spike (~ -1 mA at t ~ t 3 ) with a decay time constant of 0.4(1) s followed by a low negative current (~ -10 A at 70 s < t). The negative current spike indicates a high Rb-ion transport rate, presumably removing any Rb accumulated beneath the electrodes and most of the Rb metal film still on the surface. The low current is likely due to subsequent sinking from any remaining Rb metal film and from the vaporphase Rb. The current dynamic ( 1 and 3 ) is faster than the trapped-atom number and Rb vapor density, because of the additional Rb-atom desorption/adsorption process. The current time constants might be limited by the effective electrical contact resistance between the accumulated ions and the electrodes. This capability to rapidly sink Rb is a unique feature that distinguishes this electrochemical AMS from traditional AMDs. We note that the peak power for Rb sinking and sourcing is only ~10 mW, much lower than the heating power.
V. Discussion and Summary
This work presents a new mechanism for manipulating the vapor-cell cold-atom samples by utilizing a solid-state electrochemical Rb AMS. In Table I , we compare the characteristics of the vapor-cell MOT formed using different Rb sources. Using the AMS, a trapped-atom number of ~5x10 6 have been achieved from a near-zero MOT background. The maximum MOT number achievable could be further improved if the background gas pressure was lower. Such a high dynamic range can be obtained by the pulsed AMD technique but not by LIAD. Generally, there is a tradeoff between a high dynamic range and a fast depletion time for alkali-atom vapor pressure 21 . However, due to the unique active-reversible function of the AMS, the MOT depletion time constant can be as fast as ~1 s in our apparatus. V. Dugrain et. al. has obtained a 100 ms vapor-pressure modulation period in a pulsed AMD set-up, but that system requires an external, additional apparatus to thermally sink the alkali vapor 9 . Due to the electrochemical operating principle of the AMS, both sourcing and sinking functions are achieved by simply applying a voltage across the compact, in-vacuum package. Moreover, the AMS operates with a power of only ~100 mW limited by heating, which is critical for use in a portable, battery-powered instrument. The capacity of AMS could be as high as ~1 g after a half an hour pre-loaded process which can guarantee a long lifetime for a cold-atom microsystem. Likewise, the planar design of the AMS is conducive to system integration and mass fabrication.
In summary, this compact device meets some requirements for field-deployable cold-atom systems potentially allowing MOT operation over a range of ambient temperatures. Meanwhile, the AMS could also find applications in experiments like those requiring evaporative cooling, where large numbers of atoms could be loaded into magnetic traps at high atomic density and, subsequently, long trap lifetimes could be obtained by lowering the density 21 . The microfabrication of this device complements mass production and implementation with other compact cold-atom devices to enable increased MOT-number control and stability in future quantum technologies 5, 22, 23 . The AMS pre-loaded with Rb is potentially able to replace the commercial AMDs in future, further simplifying vacuum assemblies and allowing for lower-power operation. Additionally, the core technology of the device should translate readily to other alkali and alkalineearth elements that find a wide range of uses in cold-atom systems. 
